The brittle-to-ductile transition (BDT) in boron or antimony doped Czochralski (CZ) silicon single crystals was investigated by three-point bending. The temperature dependence of the apparent fracture toughness was measured in three different crosshead speeds, indicating that the BDT temperature in boron doped silicon is the same as that in non-doped one while the BDT temperature in antimony doped silicon is lower than that in non-doped one. The activation energy was obtained from the deformation rate dependence of the BDT temperature, suggesting that the dislocation velocity in boron doped silicon is the same as that in non-doped while the dislocation velocity in antimony doped is larger than that in non-doped one.
Introduction
Strong dependence of dislocation mobility on the temperature or strain rate induces a brittle-to-ductile transition (BDT), which is usually observed in crystalline materials with high or intermediate Peierls potential such as silicon, 1) germanium, 2) alumina, 3) sapphire, 4) tungsten, 5, 6) vanadium, 7) iron and steel. [8] [9] [10] Many pioneering works [11] [12] [13] [14] [15] have been performed to elucidate the fundamental mechanism behind the BDT by using silicon single crystals since St. John 1) demonstrated that they showed very sharp transition behaviour and strong deformation rate dependence of the BDT temperature. It suggests that the controlling process of the BDT behaviour is a thermally activated process so that the activation energy was obtained from the deformation rate dependence of the transition temperature. The value of the activation energy was very close to that for dislocation glide in silicon, which means that the BDT is controlled by the thermally activated process of dislocation glide. It suggests that the BDT temperature can be changed when the dislocation velocity is changed.
It was reported that the dislocation velocity in semiconductors were changed by doping some elements which were used to obtain suitable electrical/optical properties. Patel and Chaudhuri 16) demonstrated that dislocation velocity in germanium is changed by types of dopants when the concentration of the dopants exceeds 10 18 atoms/cm 3 . They revealed that donor and accepter dopants change the dislocation velocity completely contrary, i.e., n-type dopants such as arsenic increase the dislocation velocity while p-type dopants such as gallium decrease the dislocation velocity. In silicon crystals, the tendency is not completely the same as that in germanium. N-type dopants such as phosphorus, arsenic and antimony increase dislocation velocity over the wide range of shear stress on dislocations. 17, 18) On the other hand, the effect of p-type dopants, especially the effect of boron, on the dislocation velocity in silicon is not as clear as that of n-type dopants. George and Champier 19) reported that both the dislocation velocity and the magnitude of the activation energy are little influenced by boron at least up to a concentration of 6:8 Â 10 17 atoms/cm 3 . Imai and Sumino measured the dislocation velocity in boron doped silicon and reported the boron doping slightly decreases the dislocation velocity. 17) Yonenaga et al. 20) reported that a certain level of stress is necessary to make dislocations start gliding in Czochralski (CZ) silicon and that the dislocation velocity is slightly increased by heavily boron doping at the high stress level. Erofeev et al. 21) reported the effect of boron on dislocation velocity changes contrary below or above of a critical temperature. Thus there still remains some ambiguity in the effect of boron on dislocation velocity. Since the BDT temperature is closely related to the dislocation mobility, the change in dislocation mobility can be evaluated in terms of BDT behaviour; if the dislocation velocity is increased by boron doping, the BDT temperature is supposed to be decreased. In the previous report, 22) the authors showed that the BDT temperature in heavily arsenic doped silicon is lower than that in non-doped and confirmed that the change in the BDT temperature is understood by the change in dislocation velocity by using two dimensional discrete dislocation dynamics simulations.
In the present study, the effect of boron doping on the BDT behaviour was examined by measuring the dependences of apparent fracture toughness on a deformation rate and temperature, which was compared with those of non-doped. The BDT behaviour in antimony doped one was also investigated since antimony is one of the dopants which increases the dislocation velocity in silicon. The activation energy was obtained from the deformation rate dependence of the BDT temperatures in order to investigate the change in dislocation velocity by boron or antimony doping.
Experimental
Three kinds of wafers made from CZ silicon single crystals were employed, labelled as boron doped, antimony doped and non-doped. The concentrations of the dopants and oxygen are listed in Table 1 . Three-point bending tests were carried out at temperatures between 870 K and 1110 K. The temperature fluctuation was within 1 K during the tests.
* Graduate Student, Kyushu University A V-shaped notch with the curvature of 1.9 rad À1 was introduced by a diamond blade at the middle of the tensile surface in the specimen. The crack propagation direction was along the [110] direction and the crack plane was ( 1 110). The crosshead speeds employed were 0.002, 0.02 and 0.2 mm/min.
The apparent fracture toughness, K Q , was obtained by using the following equation: where f is the fracture stress, a is the notch depth and h is the specimen height. The BDT temperature was determined as the peak of apparent fracture toughness in each crosshead speed. The activation energy for the controlling process of the BDT was obtained from Arrhenius plots between BDT temperatures and crosshead speeds. Figure 1 demonstrates the temperature dependence of apparent fracture toughness in non-doped, boron doped and antimony doped silicon crystals, measured by three-point bending tests. The bending tests were performed with the crosshead speeds of 0.002, 0.02 and 0.2 mm/min, respectively. As is shown in (a)-(c), the apparent fracture toughness increases from the base value of 1.3 MPaÁm 1=2 with increasing temperature in any type of samples and crosshead speeds. The BDT temperature was defined as the temperature at which the apparent fracture toughness exhibited the peak value. The apparent fracture toughness decreases with increasing temperature at temperatures higher than that of the peak value, which is due to the large amount of plastic flow took place at the notch head. When the notch tip field does not fulfil the small scale yielding condition, plastic flow took place around the notch tip, where eq. (1) is not valid anymore since the equation is derived supposing linear elasticity. Apparent fracture toughness can be obtained formally and it decreases with increasing temperature in this regime. The values themselves do not have physical meaning unless it indicates the plastic regime. When absorbed energy for fracture was taken instead of the apparent fracture toughness as the horizontal axis, the absorbed energy keeps increasing in this regime. The BDT temperatures determined at each deformation rate are shown in the figure, indicating that the BDT temperature in boron doped is the same as that in non-doped while that in antimony doped is lower than that in non-doped. Optical micrographs around notch tips in Fig. 2 exhibit that slip deformation actually took place in the antimony doped silicon around at 953 K but not in boron/ non-doped silicon approximately at the same temperature, which is in good agreement with the fact that the BDT temperature is decreased by the antimony doping but not by boron doping. The notch tip radius in (a) is slightly larger than that in (b) or (c). The notch tip opening is due to the result of large scale plastic deformation around the notch. The dominant slip bands in (a) are parallel to the [110] direction, which indicates that equivalent slip planes of ( 1 111) and (1 1 11) mainly contribute to the deformation. As was stated above, the change in the BDT temperature is considered to be due to the change in dislocation velocity by doping elements. The result suggests that the dislocation velocity was not changed by boron doping while it was increased by antimony doping. In order to quantitatively confirm the effect of boron or antimony doping on dislocation velocity, that is, whether the dislocation velocity was changed by boron or antimony doping, the activation energy was obtained from the deformation rate dependence of the BDT temperature. The relationship between transition temperatures and strain rates in a silicon single crystal is given by an Arrhenius type of equation:
Results and Discussion
where " 0 is a pre-experimental factor, k is Boltzmann constant. T BDT is the BDT temperature and Q E is the activation energy for the controlling process of the BDT behaviour, that is, dislocation velocity. Figure 3 shows Arrhenius plots of the crosshead speeds versus the reciprocals of the BDT temperature. Square, triangle and circle plots represent results from non-doped, boron doped and antimony doped silicon single crystals, respectively. The slopes of each Arrhenius plot give the activation energy of 2.3 eV, 2.3 eV and 2.0 eV for non-doped, boron doped and antimony doped silicon crystals, respectively. The BDT temperature and activation energy in boron-doped silicon are nearly the same as those in non-doped silicon. This suggests that the dislocation velocity in boron-doped is almost the same as that in non-doped or the difference is too small to change the BDT temperature while the dislocation velocity in antimony doped is high enough. The basic idea of the BDT in terms of dislocation activity suggested by St. John 1) is that the crack tip plastic zone expands fast enough, competing with the expansion rate of the crack tip K field when the fracture mode changes to ductile from brittle. Increasing the strain rate leads to the increase in the BDT temperature, which indicates that the BDT temperature should correlate with the dislocation velocity as is also indicated in this study. Figure 4 demonstrates that the BDT temperatures obtained in this study at each crosshead speed were overlaid on the temperature dependence of the velocity of a screw dislocation in a silicon single crystal at the resolved shear stress of 20 MPa measured by George and Champier. 19) Here, the BDT temperatures of non-doped silicon obtained in Fig. 1(a) increases as 913 K, 982 K and 1075 K when the crosshead speed was increased by a factor of 10 and 100. The dislocation velocity at 913 K, 982 K and 1075 K are approximately 6 Â 10 À8 ms À1 , 6 Â 10 À7 ms À1 , 6 Â 10 À6 ms À1 , respectively. It is to be noted here that the dislocation velocity increases by the factors of 10 and 100 as the BDT temperature increases with the increase in the crosshead speed by the factor of 10 and 100. It quantitatively indicates that dislocations need to move faster by a factor of 10 or 100 for the onset of the BDT as the crosshead speed is increased by a factor of 10 or 100, respectively. It is one of the collecting proofs, which shows the BDT is controlled by dislocation glide around the crack tip.
Conclusion
The effects of boron and antimony on the dislocation velocity in silicon single crystals were investigated via the change in the brittle-to-ductile transition behaviour by threepoint bending tests. Following findings were obtained:
(1) Boron doping does not affect the BDT temperature while antimony doping decreases the BDT temperature in any deformation rate.
(2) The activation energy obtained from the deformation rate dependence of the BDT temperature reveals that the dislocation velocity in boron doped is nearly the same as that in non-doped while that in antimony doped silicon is faster than that in non-doped. This indicates that the dislocation velocity in boron-doped silicon is nearly the same as that in non-doped or the difference is too small to change the BDT temperature.
(3) It is quantitatively demonstrated that dislocations need to move 10 or 100 times faster in order for the onset of the BDT when the crosshead speed is increased by a factor of 10 or 100, respectively. 19) The BDT temperature for non-doped Si obtained in this study is overlaid with dashed lines in each crosshead speed. The dislocation velocity increases as the same magnitude as the increase in the crosshead speed.
